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We have isolated, cloned, and characterized cDNA
and genomic DNA corresponding to the mRNA and
gene for the rat mast cell protease, RMCP 11. The amino
acid sequence deduced from the cDNA provides evidence that this protease is synthesized as a precursor,
with a signal peptide and additional residues at the N
and C termini. RNA homologous to the cDNA is expressed only in mast cells. Analysis of RNA from the
two subclasses of mast cell, mucosal and serosal, indicates subclass specific expression of the different proteases found in each of these two
subclasses. S1 protection analysis and the sequence of the genomic clone
indicate that the serosal mast cell protease, RMCP I, is
likely to be coded for by a separate, highlyhomologous
gene. A comparison of theexontintron structure of the
RMCP I1 gene with genes of related serine proteases
further indicates that RMCP I1 is a member of a family
of proteases distinct from those found in the pancreas.
We have also isolated a third gene, highly homologous
to RMCP I1 but different from it and from the genefor
RMCP I. Analysisofthe
5‘ transcriptional control
region of both genes showed striking homology to the
TATA box and enhancer regions of the pancreatic
proteases.

The mast cell plays a role in the allergic immediate hypersensitivityreaction(Wasserman,
1983), theinflammatory
response (Lloyd et al.,1975; Kawanami et al., 1979), and the
defense against nematode parasites (Woodbury et al., 1984).
The cell’s salient morphological feature is the presence of
numerous cytoplasmic granules that contain preformed biological mediators including histamine, heparin, and a serine
protease (Lagunoff and Pritzl, 1976). Two subclasses of mast
cell have been characterized in the rat. They differ in their
tissue localization, (the “mucosal” is found principally in the
gut mucosa, the “serosal” is distributed throughout the con* This work was supported in part by grants from the American
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nective tissue),intheirgranule
proteoglycans, and in the
serine protease found in their granules (Stevenset al., 1986).
The mast cell serine proteases havebeen purified and extensively characterized (Katunumaet d., 1975; Woodbury et d.,
1978b). Immunohistochemical localization indicates that they
are only synthesized in mast cells (Woodbury et al., 1978a).
Although serologically distinct they exhibit similar substrate
specificity (Yoshida et al., 1980). Comparison of the complete
amino acidsequence of the mucosal protease “RMCP 11”
(Woodbury et al., 1978b) (also known as “group-specific protease” or “GSP”) with the partial sequence of the serosal
protease “RMCP I”revealed extensive homology (Woodbury
et al., 197%).
Analysis of the organization and expression of the genes
for the mast cell proteases should provide insight into the
biosynthesis, secretion, and genetic regulation of these enzymes. The degree of homology between the two proteins
suggestedtwo potentialmechanisms for their differential
expression in two very similar cells, that of alternative RNA
splicing or the existenceof two very similar genes. We describe
here the isolation and
complete sequence of a cDNAencoding
the mucosal protease, RMCP 11, its corresponding genomic
clone, and a new member of the relatedgene family. Evidence
is presented for synthesis of the protease ina precursor form
and for differential expression originating in two protease
genes with regions of very high homology. Comparison of the
sequence and genomic organization of RMCP I1 with related
serine proteaseshelps to define their evolutionary relationship
and indicates the
presence of a sequence upstream of the first
exon with homology to the enhancer sequence recently reet al., 1986).
ported for the pancreatic serine proteases (Boulet
We also describe a homologous RNA species in the mouse
specific to the
and show that expression of thisRNAis
differentiated mast cell.
MATERIALS ANDMETHODS

Preparation and Analysis of RNA-For the preparation of RNA
for the cDNA library in pBR322 the rat basophilic leukemia (RBL)’
cell line (Eccleston et al., 1973; received from Dr. Henry Metzger),
was grown in roller bottles in Dulbecco’s modified Eagle’s medium
(GIBCO) supplemented with 5% fetal calf serum to confluence at the
MIT cell culture center. Frozen cell pellets were ground in liquid
nitrogen and lyophilized. Total RNA was prepared by lysis in a buffer
of 6 M urea, 2% SDS, 35 mM NaCI, 0.1 mM EDTA, and 1 mM Tris,
pH 8.0, followed by phenol/chloroform extraction and centrifugation
through CsCl as previously described (Ross, 1976; Glisin et al., 1974;
Holmes and Bonner, 1973). This method was also used on one
occasion to isolate RNA from rat serosal mast cells (kindly provided
by Drs. Robert Lewis and Richard Stevens).
RNA for the cDNA library in X g t l O and all other RNA analysis
was prepared using the guanidine thiocyanate protocol essentially as
described by Chirgwin et al. (1979). Poly(A)-selected RNA was made
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using oligo(dT) as described (Aviv and Leder, 1972). RNA was electrophoresed in 0.6% formaldehyde, 1%agarose gels, blotted to nitrocellulose filters (Lehrach et al., 1977) and hybridized to nick-translated DNA probes (Rigby et al., 1977). Hybridization conditions were
as described (Taub et al., 1982). For S1 nuclease analysis singlestranded, uniformly labeled DNA probes were prepared from M13
subclones as described (Ley et al., 1982). Hybridization to 5 r g of
total RNA was as described (Berk and Sharp, 1977) with modifications as described in Taub et al. (1984).
Preparation and Analysis of ds-cDNA Library of RBL mRNAPoly(A) RBL RNA wassize-selected by fractionation through linear
a
10-30% sucrose gradient as described in Robinson et al. (1983).
Fractions in the 13-17 S range were precipitated and used to synthesize a ds-cDNA library by the method of Villa-Komoroff et al. (1978)
using the host Escherichia coli bacterial strain MC 1061. After addition of homopolymericdC tails (Roychoudhury et al., 1976),the cDNA
was inserted into pBR322 cut at the PstI site and modified by the
addition of homopolymeric dG tails (New England Nuclear).
Redundant mixtures of oligonucleotides were synthesized on an
Applied Biosystems model 380A DNA synthesizer. They were endlabeled with 32Pusing T4 polynucleotide kinase (New England Biolabs) essentially as described (Maxam and Gilbert, 1980). Hybridization and washing were essentially as described (Woods et al., 1982).
Recombinant plasmid DNAs bearing ds-cDNA inserts were prepared according to the procedure described by Birnboim and Doly
(1979). Restriction mapping and other standard recombinant DNA
techniques were as described in Maniatis et al. (1982).
Ds-cDNA was also prepared by the method of Gubler and Hoffman
(1983) with modifications as described in Wong et al. (1985). This
ds-cDNA was inserted into the vector X g t l O as described (Huynh et
al., 1985). Plaques were lifted and DNAfixed to filters by the
autoclave method described in Weeks et al. (1985) except that
Genescreen (Du Pont New England Nuclear) was used. After the
autoclave treatment, the filters were not baked but placed directly in
a solution of 50 mM Tris-C1 (pH 8.0), 1 M NaCl, 1 mM EDTA, and
0.1% sodium dodecyl sulfate (Maniatis et al., 1982) for 30 min, then
placed in hybridization solution. Bacteriophage X DNA was isolated
by plate lysis and purification using a modification of a protocol
described in Benson and Taylor (1984). Briefly, a slurry of DE52cellulose beads (Whatman) was made by suspending the beads in
Luria broth (L broth) at a final concentration of50 mM HCl. The
beads were then titrated with NaOH to pH 6.8. Beads were washed
three times in L broth and stored a t a concentration of 75% beads,
25% L broth with 0.05% NaN3. 150-mm plates of L broth-Agarose
(Seakem) with L broth-Agarose top agar were confluently lysed. The
phage were eluted by shaking 1 h with 6-8 ml of L broth. To the
eluted phage in L brothan equal volume of slurry was added, shaken,
and spun out. The supernatantwas saved and thelast step repeated.
The second supernatant was then extracted twice with an equal
volume of phenol/chloroform and theDNA was ethanol precipitated.
Library in
Preparation of a Size-selected Rat GenomicDNA
pBR322”High molecular weight nuclear DNA from the liver of a
Sprague-Dawley rat was isolated as previously described (Brinster et
al., 1981). Aliquots were digested with restriction enzymes and transferred to nitrocellulose filters essentially as described by Southern
(1975). Size fractionation was effected by electrophoresis through a
1%circular agarose gel of 2 mg of DNA cut with BamHI. Fractions
were automatically eluted using the Hoefer “Bull’s Eye” electrophoresis unit and analyzed by Southern blotting for the presence of a
hybridizing band of the correct size. Size-purified DNA was inserted
into pBR322 cut with BamHI and dephosphorylated. Colonies containing inserts hybridizing to pcMCPl were identified by lifting and
preparing colonies on nitrocellulose filters as described (Grunstein
and Hogness, 1975) and hybridization to nick-translated pcMCPl
DNA.
Screening of a RatGenomic DNA-XCharon 4a Library-A SpragueDawley rat genomic DNA-A Charon 4a library (a partial Hae3 digest
of genomic DNA inserted with EcoRI linkers) (Sargent et al., 1979)
was screened for genes closely related to the RMCP I1 gene. Three
filters were lifted from each of three 24 X 24-cm plates with three lo5
plaques on each plate. Filters were prepared as described above for
the XgtlO library. Three probes were used 1) nick-translated pcMCP1, 2) a 32Pend-labeled oligonucleotide described in the text, and
3) a nick-translated probe prepared by Bal31 (New England Biolabs)
digestion of an EcoRI-Hind111fragment from the 5’ end of AcMCP2.
Bacteriophage were isolated and purified as described above for the
Agtl0 library.
Nucleotide Sequence Analysis-The DNA
sequence was determined

using the M13 “dideoxy” chain-termination method as described in
Sanger (1977) with modifications essentially as described in the
Amersham M13 Cloning and Sequencing Handbook. Compilation and
analysis of sequence data were performed with programs from the
University of Wisconsin Genetics Computer Group and from
IntelliGenetics, Inc.
RESULTS

Isolation of RMCP ZI cDNA-A cDNA library made from
the RBL cell line (previously shown to express RMCP I1
(Seldin et al.,1985; Kid0 et al., 1986)), was probed with
synthetic oligonucleotides derived from two regions (see Fig.
1)of the amino acid sequence of RMCP I1 (Woodbury et al.,
1978b). One clone, pcMCP1, with an insert of approximately
750 bases was identified that hybridized to both oligonucleotides. This clone was used to screen a second cDNA library
in thevector X g t l O . From one hybridizing clone, XcMCP2, an
EcoRI-Hind111 fragment from the 5’ end was subcloned into
M13 for nucleotide sequencing.
The Nucleotide Sequence of RMCP I I cDNA: Evidence for
a Precursor Form-Nucleotide sequence analysis of the two
overlapping cDNA clones (Fig. 1) confirmed that together
they comprise a copy of RMCP I1 mRNA. The 3”noncoding
region of the RMCP I1 cDNA is 204 bases long and contains
the poly(A) addition sequence AATAAA (Proudfoot and
Brownlee, 1976) 18bases upstream of a poly(A) tract. Analysis
by S1 protection and comparison with the genomic sequence
(see below) indicate that all but approximately 7 bases of the
5”untranslated region is contained in these clones. The encoded protein appears to begin with a methionine coded for
by bases 29-31 and ends with a serine at bases 767-769. The
differences between the 247 amino acids coded for by the
cDNA and the224-amino acid sequence of the mature protein
indicate that RMCP I1 is initially synthesized in a precursor
form.
The localization of the protease insecretory granules would
predict the presence of a signal peptide to initiate transfer
into therough endoplasmic reticulum (Devillers-Thiery et al.,
1975). From known endopeptidase cleavage sites (von Heijne,
1986) it appears likely tht an 18-amino acid signal peptide is
cleaved between alanine and glutamate at positions denoted
-3 and -2. There remain two significant differences between
the mature protein and the predicted precursor. At the N
terminus there are 2 glutamateresidues and at the
C terminus
3 residues, Thr-Ser-Ser. The role of these oligopeptides remains to be determined. The mast cell proteases, unlike the
pancreatic proteases which are stored as zymogens, are in an
active form in the secretory granule (Chiu and Lagunoff,
1972). It is possible that the oligopeptides at the N and C
termini may play a role in maintaining the protease in an
inactive form until it is sequestered in the granule. One other
difference between the deduced amino acid sequence and the
published protein sequence occurs at position 218 of the
mature protein where a tryptophan is predicted in place of a
threonine. At the comparable position in the pancreatic proteases a tryptophan is also found (Woodbury et al., 197813).
Cell-specific Expression of RNA Homologous to RMCP IITo determine whether the RNA homologous to theRMCP I1
cDNA is expressed exclusively in mast cells, pcMCPl was
hybridized to total RNA from various cells and tissues. Initial
experiments revealed strong hybridization to RNA from the
RBL cell line and hybridization to RNA from mouse mast
cell lines indicating the presence of a homologous RNA species
in the mouse. This RNA may code for the serine protease
recently identified in mouse bone marrow-derived mast cells
(Stevens etal., 1986). Cell specificity studies were carried out
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FIG. 1. A , the nucleotide sequence of RMCP I1 cDNA and the deduced amino acid sequence of the enzyme
precursor. The predicted signal peptide comprises amino acids -20 to -3. Additional amino acids that are not
found in the mature protein are located at positions -2 and -1 and at 225-227. The Trp residue that differs from
the published amino acid sequence is at position 218. The sequences correspondingto the oligonucleotides used to
isolate pcMCPl are underlined as is the poly(A) addition site. E , the restriction map and sequencing strategy of
RMCP I1 cDNA. The horizontal rectangles delineate the amino acid-coding regions. The putative signal peptide is
in gray, the other precursor regions in black. The two overlapping cDNA clones with the restriction sites used for
sequencing are represented above. The PstI sites at the ends of pcMCPl were generated by the addition of
homopolymeric dC tails and ligation to the cloning vector cut with PstI (see “Materials and Methods”). (All
sequence was determined for both strands except for the region from the PuuII site at base 884 to the 3’ end where
only the direction indicated was able to be determined).

using mouse cell lines and tissues
because of their availability the fact that theserosal mast cell protease was first purified
and thewidespread presence of mast cells in most tissues. In from rat skeletalmuscle (Katunuma etal., 1975).
Expression of Homologous RNA in Serosal Mast Celk-The
theanalysispresentedin
Fig. 2, expression of RMCP I1
homologous RNA is shown to occur only in the mast cell. high level of amino acid homology between the proteases
Myelomonocytic leukemia cell lines that appear be
to arrested found in the two subclasses of mast cell suggested the existence of homologous RNA species. Fig. 3a shows the expected
at intermediate stages of myeloid differentiation (NFS-60,
NFS-61, DA-1, DA-3) (Weinstein et al., 1986) do not express strong hybridization of pcMCPl to RNA from serosal mast
cells obtained from the peritoneumof a Sprague-Dawley rat.
the RNA indicating that in the IL %dependent differentiation
RNA, whenthe RNA fromthe serosal
pathway between bone marrow stem cells and mast cells, the By contrast to the RBL
protease is expressed only in the differentiated mast
cell. The cells was hybridized to aprobefrom the tubulin gene, no
were obtained
highly specific nature of the probe (under the hybridization hybridization was seen (Fig. 3b). Similar results
conditions used) indicated that could
it
serve asa reagent for in four other Northernblots. Additionally,initial observations
the identificationof mast cells. We were able to use the probe indicating very low levels of ribosomal 28 S and 18 S RNA
for the determination of the cellular origin of a number of were confirmed by hybridization with a human 28 S RNA
probe which showed a 10- to 50-fold difference in ribosomal
tumors arising in transgenic animals carrying an activated
myc gene (tumors described in Leder et al., 1986). RNA from RNA levels between the serosal RNA and RBL RNA when
a cell line, K16, derived from one such tumor is included in normalized for protease RNA (Fig. 3c). In order to rule out
Fig. 2. Subsequent analysis of this cell line demonstrated the artifacts stemming from the method
of RNA extraction both
protocols were used with
presence of metachromatically staining granules and IgE re- guanidine thiocyanate and SDS/urea
ceptors, characteristicof mast cells (Leder et al., 1986). When identical results (for example see Fig. 4 B ) . It is difficult to
twice as much RNA from mouse skeletal muscle was used in rule out RNA degradation during purification of the cells as
the Northern analysis, a low level of hybridization was oban explanation for this result. However, these results may
served (data not shown). This is in
keeping with the large indicate that the serosal mast cell has a somewhat limited
number of mast cells present in this tissue as evidenced by protein synthetic capacity compared to other more rapidly
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dividing cells and contains a limited number of mRNA species.
Further analysis was carried out by S1 protection using
single-stranded DNA probes derived from the genomic RMCP
I1 clone (described below). A probe expected to protect the
5”untranslated region and the signal peptide region (contained in the firstexon of the RMCP I1 gene) protects RNA
of identical lengths in both serosal and RBL RNA (Fig. 4A,
probe A). However, a probe that should protect an internal
region of the RNA (corresponding to exon 3 and partof exon
4) protects RNA only from the RBL cell (Fig. 4A, probe B ) .
When these probes are used to hybridize to RNA on nitrocel28s
lulose filters similar results are seen (4B). To the level of
sensitivity of the S1 and Northern blot assays our results
indicate that RMCP I and I1 are expressed in a subclass
18s
specific manner. This is in contrast to the
evidence from
immunohistochemical
localization
that
indicated
that both
-1100 b
proteases were produced inboth cells (Woodbury et al.,
1978a).
Identification of a Cloned GenomicSequence for RMCP IIFIG.2. Determination of the cell specificity of expression Hybridization of pcMCP1 to genomic DNA from rat, mouse,
of RNA homologous to the RMCP
I1 cDNA. 10 pg of total RNA
for all samples, (except cell line S107 where 2 pg poly(A) RNA was and human(Fig. 5) revealed homologous restriction fragments
used), were assayed by Northern blotting. Hybridization was to the in the mouse andhuman DNA and multiple hybridizing
cDNA clone pMCP1. Cell lines are asfollows:ABFTL, an Ab-MuLV fragments indicative of a multigene family in the rat DNA.
immortalized mast cell line (Pierce et al., 1985); WEHZ-3,a myelo- Because of the large number of hybridizing fragments, DNA
monocytic line phenotypically similar to a macrophage (Ralph et al., was digested and thensize-selected by gelelectrophoresis (see
1976);NFS-60, NFS-61, DA-1, DA-3, myelomonocyticleukemia lines “Materials andMethods”) as a first step inconstruction of a
whose phenotype appears to be arrested a t intermediate stages of
differentiation between a bone marrow stem cell andend stage rat genomic library. Increasing the washing temperature of
differentiated myeloid cells (Weinstein et al., 1986); S107, an immu- the Southern blot caused the disappearance of the faintly
noglobulin-producing myeloma line (Cory et al., 1983); K16, a cell hybridizing bands indicating that these bands probably did
line derived from a tumor in a transgenic
mouse carrying an activated not arise from partial digestion of the DNA. In addition, at
myc gene, this line was later determined to have receptors for IgE the higher washing temperature (60 “C, 0.1 x SSC) the most
and metachromatically staining granules, i.e. a mastcell (Leder et al.,
strongly hybridizing fragment in the BamHI digest was ap1986). A control hybridization to a chicken tubulin probe revealed
comparable levels of tubulin mRNA in all tested cell lines and tissues proximately 6 kilobase pairs in length. A library of BamHI
fragments of approximately 6 kilobase pairs was constructed
(data not shown).
in pBR322. Of 200,000 colonies assayed, about 60 hybridized
to pMCP1. Of those the most stronglyhybridizing clones were
purified and restriction mapped. One clone pgMCP3 (isolated
inboth orientations) contained allbut one of the major
restriction sites found inthe cDNA.
Sequence and Genomic Organization of RMCP 11-By nucleotide sequence analysis pgMCP3was found to contain the
complete RMCP I1 gene as well as about 3 kilobase pairs 5’
of the first exon. The sequence strategy and restriction map
are presented in Fig. 6 (note theHind111 site in the cDNA is
formed by the juxtaposition of the third and fourth exons).
Four introns of varying size interrupt the gene for RMCP I1
28s
(Fig. 6). This is similar to the genes for pancreatic trypsin
(Craik et al., 1984) and kallikrein (Mason et al., 1983), but
the relative placement of the boundary between the third and
fourth exons is significantly different (see “Di~cussion”).
18s
S1 protection analysis (Fig. 4A) combined with knowledge
of the approximate size of the mRNA (1100 bases) allowed us
to place the probable start of transcription approximately 35
bases upstream of the first ATG codon. 29 bases before the
transcriptional start siteis the conserved promoter sequence
a. pMCP1
b. tubulin
c. 28s
d. 5’ oligo
TATAA (Breathnach and Chambon, 1981). Comparison of
FIG.3. Comparison of RNA expression in serosal a n d mu- the 5‘ region of the gene with comparable regions of the
cosal mast cell subclasses. Total RNA from the RBL cell line
which closely resembles the mucosal mast cell (Seldin et al., 1985; pancreatic protease genes identified a region of sequence at
Kid0 et al., 1986) and from serosal mast cells obtained by peritoneal 588-607 base pairs with striking homology (see Fig. 6). This
lavage of Sprague-Dawley rats (kindly provided by R. Lewis and R. region has been identified as conferring cell specific expresStevens) was hybridized to the following probes: a, the cDNA clone sion to thepancreatic genes (Boulet et al., 1986) (see “DiscuspMCP1; b, a chicken tubulin probe; c, a human 28 S ribosomal RNA sion”).
probe, and d, an oligonucleotide complementary to bases 17-39 of the
A Family of Highly Homologous-related Genes-The S1
cDNA. 10 pg of RNA from the RBL line and RNA from approximately
IO6 serosal mast cells was used (due to the low levels of ribosomal protection analysis of RNA from serosal mast cells presented
in Fig. 4A indicates thatthere existsa region of highly
RNA it is difficult to quantitateRNA from the serosal cells).
E
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FIG. 5. Genomic blotanalysis of the mast cell protease
genes. 10 pg of genomic DNA from the liver of a Sprague-Dawley
rat, the liver of a CD-1 mouse and human placenta were digested
with the indicated restriction enzymes (Barn, BamHI; RI, EcoRI)
and probed with pMCP1. Hybridization was a t 42 “C andwashing at
52 “C in 0.1 X SSC (15 mM NaCl, 1.5 mM sodium citrate). Autoradiogram exposure time for the rat and mouse DNAs was 16 h, for the
human 72 h. Size markers are Hind111 cut X DNA.

c
”
Probe A

Probe B

1

1

28s

18s

Probe pMCP1

Probe B

FIG. 4. Mast cell subclass-specific expression of RMCP I1
RNA. A , S1 nuclease protection assay with RNA from RBL cells and
serosal mast cells. The assay was performed with 5 pg of total RNA
from RBL cells and RNA from lo6 serosal mast cells with two probes
from the RMCP I1 genomic clone indicated in the map below the
autoradiogram. Probe A of original length 384 bases covers the first
exon, and probe B of original length 730 bases corresponds to exon

conserved sequences between the RNAs for RMCP I1 and I
and a region with significantly lower homology. This finding
taken togetherwith the regions of amino acid homology
(Woodbury et al., 1978c) might suggest alternative splicing as
a mechanism for generating the two cell-specific RNA species.
A thorough search of the nucleotide sequence of the RMCP
I1 gene failed to identify regions that could code for the serosal
amino acids where the two protein sequences diverge. From
the S1 analysis and RNA hybridization with various probes
including an oligonucleotide complementary to bases 17-39
of the 5”untranslated region (Fig. 3 4 , we conclude that
serosal gene contains a region of very high homology to the
mucosal gene, probably at the5‘ end, a region with very low
homology corresponding to exons 3 and 4 and a region,
probably at the 3’ end of the gene, exhibiting homology,
although lower than that of the 5‘ end.
With this knowledge we screened a rat genomic DNA-X
Charon 4a library (Sargent et al., 1979) with three different
probes. Replica filters were hybridized with the following: (a)
pcMCPl covering the 3‘ end of the cDNA, ( b ) an oligonucleotide complementary to bases 17-39, and (c) a 170-base pair
fragmentobtained byBa131 exonuclease digestion of the
EcoRI-Hind111 fragment of XcMCP2 corresponding to the 5’
end of the cDNA. Of 600,000 plaques, 41 hybridized to pcMCP1, 8 to the oligonucleotide, and 10 to the Ba131 deletion
fragment. Six were purified an? analyzed further. Two of
three (136 bases) and part of exon four (124 bases). Hybridization
was a t two temperatures for each probe as indicated in the figure.
The 150-base fragment of probe B protected by RBL RNA may
correspond to a precursor RNA or a differentially spliced message. B,
Northern blot analysis confirming subclass-specific expression. RBL
(10 pg) and serosal mast cell RNA ( lo6 cell eq.) purified by guanidine
thiocyanate (GZT)or SDS/urea (SDSIU) protocols (see “Materials
and Methods”) were hybridized to (left) pMCPl cDNA clone and
(right) single-stranded uniformly labeled S1 probe B.

1
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181
241
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TTAGGRRCATTGAGRRCCATTGACTTRRTTAAGGTATTCGTCATGCCTTCTACTCTGTGT
60
ATTCRRTACACTCTCTRRRCACCTTCATTTCTCACAGTCA~ATTCCATCATCTCCCRRTT
120
ATTTTRRTAAAGATGAGPTCCTTGCACTGGTCAACAC~CAGGAGTCTTTAGGCT~
180
ACCAGCCCACCACCAGTTCTTGTAAAT~TGTCCTCCTCTCCCCAATGTGTT~ATACA 140
CTACAGATACAGGTGCTTGTGTGACAGTGACAGAGGTGAGATTTTACTCATGTGCATCCT
300
GGGCCTC~CTGTATTGTT~GTTTTAGTTTATGTGCTGCTGRRGCGAGCATAGCAGCA 360
ATGGTCTCR~V\RCTGACRRCRRTACCTGGATGCTTACRRGMGAGTT~ATGATGCCAGTT
420
GAGGTCCCCTCCCTTTGTGTTGCTGTCCTGTCTCCTGGCCAGCTTCTTTG~G~~TTrA~
d."
R0
~.~~
TTGCTACCTTGTCACGGGATCATGGCGTCTC~GATTTAGCCACAGATTCAACACCACCA 540
GTCACCTGTGCTTT T
RRTTCATGAGMTTTCTG ATRRGG~TAGAGCTTGTCTAAGACAGACCTGTGGTT TC~ 600

these hybridized to all three probes in a manner consistent
with the presumed structure of the serosal gene. The partial
nucleotide sequence of XgRMPLl ("rat mast cell protease
like") was determined.
A comparison with the RMCP I1 sequence (Fig. 7) shows
CCCX
GxTATAxaxM
more than 90% homology over large regions. However, the
AGCCCTTCCTTTCTCCCACTTGTG-GCT*T-GCA
660
7
0
deduced amino acid sequence does not match that of either
~ t G l n A l a L e U L e U P h e L ~ . " M ~ t A i ~ i 120
the
mucosal or the serosal protease. In the coding regions at
AGAAGcTCACCCCAGGCTGCACCACTGGCAC
TGCAGGCCCTACTATTCCTGATGGCTC
least two differences are apparent that probably would not
180
arise from polymorphisms. At the endof the region equivalent
CTTT~AGCAACTGACCTTARTTCCTTCCTTAGCTTTTGTATCAGAGACCCTAACATGAG~C~
840
GATTCTAAACTGACATAGTCTAGGGGAAATCTCTAGGTCAACAAAGAATG-CTACT
400
to the first exon, there is anapparent duplication of 12
TCCCCATCACGCCATTTCATCAAAGTACTCTGTTTGGATGGGCAGCTCCTCCCTGGCCTT
960
CCCTTAATGTTGAGGAAGACAGAATGAGTGAAGRRTGRRRTGACTA.UGAARTAGAGRRT
1020
nucleotides that would code for an additional Gly-Ala-GlyCAGAARCATTAATGGTCACTGTGTTCTGRRRTGRRGGATGATGGTGGACAAGGAGGTGTG
1080
GGGAGGRRRGATAAACAGGAGAG~GACCAAAGGACCTGTGGCAGGGCTGRRCCCCAT 1140
Ala oligopeptide. In theregion equivalent to thesecond exon,
GCGAGGTGGGGTGGGCTTGGAGCAGTCGCTCAGCTTTAGC~CCATATTTCTCTGGCAGTA 1200
the Ile to Val change at theposition equivalent to aminoacid
1260
two in RMCP I1 causes the predicted protein to more closely
resemble the pancreatic proteases which also have a valine at
1320
this position. Initial evidence suggests that this gene is not
1ThrGluLy6GlyLeUArgV~l~l~Cy~GlyGlyPheLeU~gGl~Ph~V~lL~
1380
expressed in mast cells (data not shown). The apparentcon"ThrAlaAlaHiJCySLybGlyA
servation of splice sites by analogy to the RMCP I1 gene
GACTGCTGCACATTGTAAAGGM
TAAGAGGCTCCTCTTCCTGTGAAGACATGCATGAG
1440
CCAGAGTCACAGAGCAI\CAGAGCCTCAGGAAAGGCTCCGAGCCCTGTTCATCTCTAGATG
1500
indicates that it is not a processed pseudogene. Analysis of
GGCTCTTTTTACACAGAGAGGTRRRGAGAGCTCAGGGCCACTCACTGGACCATTCATGTG
1560
TCATCTCCATTTCAGAGGTCAGRRCTTTRRGCTG
1620
the
sequence homologous to the5' upstream region of RMCP
TCTTGTTTTGTCCTAGTGGTAGCAGAGATGG
1680
AGTGCCTATCAGCCATGTGCAAAGCCATGCTTGTGTGTACTGAGTGTG
1740
I1 shows that the sequence around the promoter site is idenGGGTTTGC~GAGTTCTCAGTCCTGTGTTTCCCTGAGCC~TAGGTAGTGGTCCTGGGAG
1800
C T C C A T C T C A A G T C T A T G T A T G G G T T C T G C C C A G G G A T A G A G ~ G A G C C C G G T G1C8C6 0
tical, whereas there are two base changes in the region that
CCTCTCCTTGGAAGGAGTTCTCCTCATACGACTTTTCATTGCTTATTTCTCTATCGACAG 1920
is similar to thepancreatic protease enhancerelement.
~

""""
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121
181
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1141
1801
1861
1921

DISCUSSION

1981

G A T A R R R G T" CI G ~ C A A A T C A T T C A C G P R R G T T R C I \

2040

2041
2101
2161

TRRCTCTTCCCCTGGCTTAGTCCATTGRRRTCTCTCTTGTCCAATCCTTTTCCTCAGRRC
CCACTCTTGMTTCTATGTGATATGGACCTGCTGTGAT~~GACTCATGTCTMGCATCCT

2160
2220

""

Genomic Structure: Comparison with Related Protease
Genes-Comparison of protein sequences of the mast cell
protease with the pancreatic serine proteases based on the
number of gaps and insertions necessary to optimally align
2221
the sequences has indicated a probable evolutionary relationship, with elastase and chymotrypsin being more closely related to RMCP I1 than trypsin and kallikrein (Woodbury et
al.,
1978b). Comparison of exonlintron boundaries, on the
'rqGluV~lGluLeuArqIlenetAspGl~LysAl~Cy~V~lAspTy~A~gTy~Ty~Gl~T
other hand pointsto a very different evolutionary relationship
(Fig. 8). The presence of four introns most closely resembles
the structure of the trypsin and kallikrein genes (Rogers,
..."....
..
1985). In fact the boundaries of the first, second, and fourth
ATGTTGGCATTGGTGCAAGGAGAGAGAGGCTGGAGGGA
2160
116i CAGAG~~~ATTAAGTCCCTMCTTATGACCCATAGGCAGTCAGGACCTCTTACTTCACT 2820
introns are at equivalent positions in all the pancreatic proteases (although for chymotrypsin and elastase the number
180
of introns has increased) (Rogers, 1985). The placement of
the third intron, though, does not correspond to any other
known protease with one exception, the adipocyte protease,
adipsin (Phillipset al., 1986; Min and Speigelman, 1987).
snAlaValileAsnThrserSe~En
From the protein structure and substrate specificity, it had
been suggested that an ancestor molecule of RMCP I1 repre3121 TCCCTAGCCTGTCTCCAGCTGTCTCTMGAGGCCCTCAAAGATATACRRGTCTGTGATGA
3180
3181 T G G A T T G T T C C C T G T A A R G C A C T T C ~ G A C A T A A C T T C C R R C A G C T G T G T G A C T C C 3240
sents an evolutionary intermediate between trypsin and chy3241 ACTCTGCTCTCATTACTCTGCCCCTCTCTGTGCTCRRCAGAGAACTGATTTGAGCTACTA
3300
motrypsin (Woodbury et al., 197813). The genomic structure
3301 TCTTGCTATGTTAACCATCTTGACTACTGACTTCCAGGCACACGTGTACCACTGTGGATT
3360
3361 ACTRRRTATTATCTARCATGCATGGCTGCATACAGTAAGATTTCACACCCAGGATRRTGT
3420
lends support to this suggestion or to the possibility that
3421 GCCCTGTTCTGTTCTTCTCCACTGTCCTGTCTTTTCATCTTCTCTCTTCTTGTCTCTCAG
3480
3481 CTCTTCTGCCCACRRRCCCCATGCCCTAAGCACTGCATCTTTCCACACATCATTGCAGTT
3540
RMCP 11 represents a separate class of cellular nondigestive
3541 TCCATGTCTRRGTACAGACATGGGTGTTGATCCTTGTGTCCTACACCACCTACCCTGCCA
3600
3601 TCATCATCCTCTCRRTTTTGCACCTGCAARCTGGAGGACAGCCTGCCCTC~GTCCTT
3660
proteases of which adipsin is a related member. In thisregard
3661 GGACCATGACCGTGACTTCAGCAGTCACAACAGGAGAGCATTAGCACTTTTTGGATC
3111
it will be interesting to compare the structure of the recently
isolated T-cell specific serine proteasegenes (Lobe et al., 1986;
Gershenfeld and Weissman, 1986; Brunet et al., 1986) whose
deduced protein sequence most closely resembles that of
RMCP 11.
A Mast Cell Protease Gene Family-The
pancreatic proteases
trypsin
and
kallikrein
belong
to
multigene
families of
H
10
and
25-30
members,
respectively
(Mason
et
al.,
1983;
Craik
FIG. 6. Nucleotide sequence of the RMCP I1 genomic clone.
~

~~

~~~

~~

~

~

Bottom, restriction map and sequencing strategy for the RMCP I1
genomic clone. Exons are represented by the horizontal rectangles.
Arrows indicate the extent of sequence runs and therestriction sites
at the origin of each run. (All sequence was determined for both
strands except for two short stretches in the second and thirdintrons
and for the extreme ends oi the reported sequence). Top, the cDNA
start site is denoted by the symbol* and the probable transcription
start site as determined by S1 analysis (Fig. 4A) is denoted by the

arrow. In the 5'-transcriptional control region, the TATA box is
underlined and above it is the consensus sequence of the pancreatic
proteases around the TATA box (Swift et al., 1984). The region of
homology to the pancreatic enhancer core sequence (Boulet et al.,
1986) is underlined with the core sequence above it. The poly(A)
addition site is also underlined. Amino acid coding regions are boxed.
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1 TTAGGMCATTGACMCCATTGACTTMTTM~~~TATTCGTCATGCCTTCTACTC~~T
::::::

:::::::E:::

::::::::::::::::::
:::::::

:: : : : I * :

GTAGGMTATTGAGMCCMTGACTTMTTMGGTATTGTCACTGCCTTC~CGCTGTGT

.............

61 ATTCMTACACTCTCTAMCACCTTCATTTCTCACAGTCACATTC~TCATCTCCCMTT
:: 5 : ::::: :::: ::::
GTTTM-ACACTGTCTACACACT--------TCACTCTCACAGCACATC----------T

...........

.. .. .. .. .. ..

.................

121 A T T T T M T A M ~ T G A - - - - - - - G A U T C C T T O C A C T G G T G T C T T T
:::::
;~~CTC;GMC;;~TATAT~GAATCCCTCACACTGCTCMCA-CAG~-TCTCA

.................................................
.................................................

115 A G G C T ~ C C A G C C C A C C A C C A G T T C T T G T A M T ~ T G T C C T C C - T C T C C C C M T G T G

GA-CTAMCCAGCCTACCACCAGTC--TGTAMT~TGTCCTCCCTCTCACCCATATG

FIG.8. Comparison of exon/intron structure between serine
scale)
proteases. Exons are represented by rectangles, introns (not to
are represented by brokenlines. The relative alignment of exons
TGCATCCTGGGCCTCTCTGTATTGTT~GTTTTAGTTTATGTGCTGCTGMGCGAGCA
encoding regions of amino acid homology is shown. The positions
....................................................
~~CAGCAICC~CC~CIC;AIA~~~I~CC~T;~~~A~IA;A;~ICC~~~;GM~TC;CC;
corresponding to intronboundaries are indicated by the lines between
genes. The positions of the active site residues His (H),
Asp (D),
and
TAGCAGCMTGGTCTC~CTGACMCMTACCTG~TGCTTACMGAAGAGTTC-ATG
....................................................
....................................................
Ser (S),are indicated. Data for chymotrypsin (CHT),
elastase (ELA),
CAGCAGCMTGGTCTTAAAGTTGACAGTMTACCTGGATGGTTCCATG
and trypsin (TRP) are from Rogers (19851, for adipsin (ADP) from
ATG-CCAGTTGAGGTCCCC-TCCCTTTGTGTTGCTGTCCTGTCTCCTGGCCAGCTTCTTT
Phillips et al., (1986).
..................................................

...........................................................
...........................................................

2 3 3 TTCATACACTACAGATACAGGTGCTTGTGTGACAGTGACAGAGGTGAGATTTTACTCATG

TTCATATACTACAGATACAGGTGCTTGTGTGACAGTGACAGAGGTGAGATTTTACTCATG
293

352

414

ATTCCCAGTTGAGGTCCCCCTCCCTCTGTGTTTCTGTTCTGTCTCGTGCG-AGCTTCTTT

..................................................
..................................................

4 7 0 GMGGGTTCAGTTGCTACCTTGTCACGGGATCATGGCGTCTCM~TTTAGCCACA~--

GMGGGTGCACTTGCTACCTTGTCATGG~TCCAGGAGTCTCMGATCTAGGCACAGA~

..............

...............................

5 2 1 TTCMCACCACCAAATTCA-------TGAGMTTTCT~TMG-TAGAGCTTGTCT

TTCMCTCCACCAMGAGCAGAGTCGT~GMTTTCATMGCTTGTCC

...

...............................................
...............................................

641 MCCAGGGCAGGACCACAGCAGMGCTCACCCCAGGCTGCACCACTGGCAC
MCCAGGACAGGMCACACCAGGCTCACCCCAGGTTGCACCACTGGCAC

................................................
................................................

~~~(CCTACTATTCCTGATGGCTCTTCTCTTGCCTTCTGGAGCTGGAGCTGG-----------

CCTACTATTCCTGATGGCTCTTCTCTTGCCTTCTGGAGCTGGAGCTGGAGCTGGAGCT
aLeuLeuPheLeu~etAlaLeuLeuLeuP~~SerGlyAlaGlyAlaGlyAlaGlyAla

......................................................
......................................................

1 4 9 TGAGTTTGCTCTTCATGTCCCTMCCTCTGAGCTTTCAGCMCTGACCTTMTTCCTTAG

TGAGTTTCGTCTTCATCTCCCTMCCTCT6AGCTTTTCAGCMCCGATCTTMTCTCTTA~

...................................................
...................................................

8 0 9 CTTTTGTATCA~GACCCTMCAT~GGGCMGATTCTAAACTGACATAGTCTA~GGM

CTTGAGGAACAGAGACCCTA-CAT~G-GCAGGATCCTAAAGTGACATAGTCTAGGGGM

....................................................

0 6 9 ATCTCTAGGTCMCAMGMTGCTACTTCCCCATCACGCCATTTCATCAMGTAC

ATCTCTAGGTCMGGMGMTGAlUMCTACTTCCCCATTACTTCCCCATTACACCGTTTCATCAAATG-C

...................................................
...................................................

9 2 9 TCTGTTTGGATGGGCAGCTCCTCCCCTGGCCTTCCCTTMTGTT~GGMGACAGMT~G

TCTGTTCTGATGGGCACCTCTCT-CTGGTCTTCCCTTMTGTTGAGGMGACAGGATGAG

.....................................................

9 8 9 TGMGTGAMTGACTAAAG-AAATAGAGMTCAGAAACATTMTGGTCACTGTGTTCT

TGTAGAAAGAAATGACTAMGGAMTAGAGCATCAGAMCATGMTGGACATTGTGTTCT

1030 G A M T G M G G A T G A T G G T G G A C M G G A G G T G T G G G G A G G A A A G A T M - A C A G ~ ~ G A M
::: :::: ::::: :::::::: .....................
: ::::::::::::
GM-TGMTGATGAGGGTGGACAGGGAGGTGTGGGGAGGAAAGATCACACAGGAGAGAM

.......................................................
.......................................................

1101 AGACCAMGGACCTGTGGCAGGGC-TGMCCCCATGCGAGGTGGGGTGGGCTTGGAGCAG
AGACCAAAGGACCTGTGGAGGGGCCTGAGCCCCATGTGAGGTGGGGTGGGCTTGGAGCAG

..........................................................
..........................................................

1166 TCGCTCAGCTTTAGCCCCATATTTCTCTGGCAGTACTGTGTTGGGGG-CCCTGCAGGCTT
TCGCTCAGCTTTAGCCCCATATTTCTCTGGCAGTACTGTGTTGGGGGGCCCTGCATGCTT

z*

51

mY)
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*

4
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FIG.7. Partial nucleotide sequence of "mast cell proteaselike" gene. The partial nucleotide sequence of XgRMPLl (lower
leuel) is compared to thegenomic sequence of RMCP I1 (upper leuel).
The apparent TATA box region is boxed as is the region homologous
to the pancreatic protease enhancer core region. In what appears to
be the second exon, the amino acids of RMCP I1 that differ are in
the first line below the deduced translation, those from the RMCP I
sequence that differ are in the second line. A restriction map and
sequencing strategy of this region of XgCPLl is found below the
sequence.

et al., 1984). Similarly,from its hybridization to multiple
fragments of genomicDNA, themast cell protease gene
appears tobelong to a family of 10-15 members.
The hybridization and S1 protection findings using serosal
RNA presented two possibilities forthe generationof similar
yet distinct RNAs in the two cell types: alternative splicing
or two genes with regions of nearly identical sequence. Inspection of the genomic sequence for the mucosal protease
makes alternativesplicing a less likely, though possible, mechanism. We have described another closely related rat mast
cell protease-like gene and have presented a portion of its
sequence. In addition, in experiments in progress, we have
identified two more rat mast cell protease-like genes, one of
which yields a partial sequence corresponding to theserosal
protease, RMCP I.' It is, therefore, very likely that RMCP I
and I1 are encoded on separategenes.
Transcription Control Regions-Transcription control regions forthe pancreatic proteases
have been extensivelystudied (Walker etal., 1983; Ornitz etal., 1985; Boulet et al., 1986).
Consensus sequences surrounding the TATA box have been
determined (Swift et al., 1984). Comparison with the corresponding region of RMCP I1 shows 9 of 10 bases to be the
same (Fig. 6). Even more striking is the degree of homology
of the RMCP I1 sequence to the sequence that confers pancreas-specific expression to a linked reporter gene (Ornitz et
al., 1985; Boulet et al., 1986). With the introduction of two
gaps, 15 of 20 bases of the core sequence are identical. From
dot matrix analysis there is nosignificant homology to other
sequence in the5' region (data not shown). It is worth noting
that the5' region of the mastcell protease-like gene, MCPL1,
contains an identical TATA box region and two changes in
the "enhancer" region. Understanding the expression of this
gene may point out the regions of importance for conferring
mast-cell specific expression.
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